The pig is a commonly used species in the development of experimental surgical techniques. Experimental studies using this species are often thwarted by unexpected postoperative deaths, complicating the analysis of data. During the development of novel surgical techniques at this institution, we have observed postoperative mortality in a number of cases, all of which showed unusual but similar features despite the animals having undergone different procedures. Analysis of the literature suggests that the postmortem findings in these animals may be related to what has previously been described as peptic ulceration and, furthermore, that this problem may be widespread in the porcine species, both within experimental studies and animal husbandry. Despite a number of potential possible explanations for the cause of these lesions being proposed previously, prevention has not been achieved. The aetiology of these lesions is of paramount importance in their prevention, and thereafter a reduction in the morbidity and high mortality seen with these lesions. The authors of this paper suggest a novel hypothesis for the cause of this phenomenon.
Materials and methods
Nineteen female specific pathogen-free (SPF) domestic white pigs (weight range 27-35 kg) were obtained from the Pig and Poultry Production Institute, Roseworthy Campus, Roseworthy, SA, Australia. The pigs were raised from a closed herd and kept under strict quarantine protocol. There was a period of conditioning prior to operation varying from 4-6 days. The study conformed with the 'Code of Practice for the Care and Use of Animals for Scientific Purposes' (NHMRC/CSIRO/AAC 1990) and the SA Prevention of Cruelty to Animals Act 1985.
The pigs were housed in individual pens maintained at 23711C at ambient humidity. Lighting was artificial, with a 12 h on/off cycle. The air exchange rate and airflow speed complied with the Australian code of practice for the care and use of experimental animals. The pigs were fed and watered ad libitum (standard grower diet of 0.7 g of available lysine 1 MJ digestible energy, with a digestible energy content of 14 MJ/kg). Water quality was suitable for human consumption. Preoperatively the pigs were fasted from food for 12 h; however, water was available ad libitum.
The pigs were part of two large surgical projects ) involving laparotomy and abdominal surgery of variable duration (2-4 h). The operations (n ¼ 19) consisted of midline laparotomy comprising either resection of 80-90% of liver volume (n ¼ 4), or duodenotomy and intraductal electrolytic ablation of the pancreas (n ¼ 15).
All animals were initially sedated with a deep intramuscular injection (forequarter paraspinal muscle) of ketamine (20 mg/kg) and xylazine (1.5 mg/kg). The pigs were then washed with a solution of aqueous iodine solution and taken into the operating theatre. A size 4 laryngeal mask airway was inserted and anaesthesia maintained using 1.5% halothane in oxygen titrated to a depth of anaesthesia. All pigs were allowed to selfventilate throughout the operation. Oxygen saturation and heart rate were monitored throughout the operation. Central venous access was established with a tunnelled catheter from the right femoral vein. This remained in situ until death to allow blood sampling and intravenous fluid administration. At the end of the operation, the abdomen was closed using a mass closure technique and the skin was closed with absorbable sutures. Halothane administration was discontinued and an intramuscular injection of buprenorphine (0.005 mg/kg) was given before waking and as required, intravenously, in the postoperative period. Each pig was allowed access to food and water ad libitum in the postoperative phase. The animals were kept for a maximum of three weeks postoperatively in the liver resection group and two weeks in the pancreatic ablation group prior to euthanasia, unless death occurred earlier.
Results

General
Sixteen of the animals made an uneventful postoperative recovery. Unfortunately, three animals died from upper gastrointestinal haemorrhage between eight and 13 days after surgery as detailed below. In all animals, the clotting studies and platelets were within normal ranges at the time of death.
Case 1
This animal was noted to be retching repeatedly with small volumes of vomit in the first 2-3 days after liver resection. The animal then recovered, and was eating normally by the seventh postoperative day. However, there were signs of progressive anaemia with increasing pallor and decreasing serial haemoglobin levels with no obvious cause. Prothrombin ratio was mildly elevated 24 h postoperatively at 1.5, but returned to normal within 48 h and remained within normal limits until death. The animal was euthanized on the 12th postoperative day, due to symptomatic anaemia.
At autopsy, the liver was found to have regenerated back to full volume; however, the stomach was dilated and contained a large amount of blood and feed. There was a 5 cm circumferential area of exposed muscular wall, extending from the gastrooesophageal junction, with a sharply demarcated distal edge, consisting of gastric mucosa (Figure 1) .
Case 2
This animal died 13 days after liver resection following an acute upper gastrointestinal bleed. The animal was found dead unexpectedly overnight in its pen, having showed signs of normal postoperative recovery. Haemoglobin levels had been stable up until the fourth postoperative day, when the central line was lost. At autopsy it was determined that the bleeding had originated from a denuded area of muscular wall at the gastro-oesophageal junction. The lesion was macroscopically identical to the previous case ( Figure 2 ). Again the liver was found to have regenerated macroscopically back to normal volume.
Case 3
The third animal had undergone pancreatic surgery and showed early postoperative signs of retching, with small volumes of vomit, associated with watery diarrhoea. This animal never regained full appetite and was euthanized on the eighth postoperative day due to pallor and lethargy, following an acute bleed. Haemoglobin and prothrombin levels were not measured routinely in this study. At autopsy, an identical lesion was seen at the gastro-oesophageal junction, associated with gross dilatation of the stomach (Figure 3 ).
Histopathology
The histology of each of the lesions was identical and showed an absence of mucosa, with denuded muscle fibres in the base of each lesion. The proximal margin of each lesion consisted of stratified squamous cells (Figures 4 and 5) , and the distal margin of glandular mucosa (Figures 6 and 7) . There was no evidence of scarring or fibrinous exudate in the base of any of the lesions, which would be expected if the lesions were peptic in origin. However, an intense inflammatory reaction was seen.
Discussion
'Gastric ulceration' in the proximal stomach is well documented in pigs, and is often found to be haemorrhagic in nature. Most reported cases have described extensive ulceration at the pars oesophagea. This is an area of stratified squamous epithelium extending just below the gastro-oesophageal junction, which has no equivalent in the human stomach (Lee 2000) . This area is an unusual site for peptic ulceration, given that it contains no glandular epithelium. Such lesions were first reported in veterinary literature in the 1960s, in relation to the increase in intensive farming of pigs, and the increasing incidence of such lesions was thought to be related to the stress of overcrowding and overfeeding (Kowalczyk et al. 1960 , O'Brien 1969 . Intensively farmed pigs, that have not been subjected to surgery, have a 14% incidence of mortality associated with gastric ulceration resulting in major haemorrhage or perforation (Blackshaw et al. 1980 , Gibson 1980 , Straw et al. 1983 , indicating that there may be a natural predisposition in this species. Subsequently, cases have been intermittently reported in experimental studies using pigs. These animals are often found to die 5-10 days after major surgery, such as liver or renal transplantation, due to massive haemorrhage from the lesion (Dent et al. 1971 , Golby et al. 1971 . The incidence of ulcerative lesions does not appear to be operation-specific; however, bile duct ligation is quoted as having a 100% incidence of ulceration with 60% mortality, and a relationship with biliary obstruction has been proposed (Dent et al. 1971) . Although all the animals in this study had surgical intervention in the biliary/pancreatic region, none of the animals showed evidence of biliary obstruction at postmortem. Techniques to reduce acid secretion would be expected to have some impact on the incidence of such lesions if they were due to peptic ulceration; however, neither omeprazole nor H2 receptor antagonists have been successful in reducing the incidence, or mortality from this type of ulceration (Hedde et al. 1985 , Friendship et al. 2000 . Similarly, highly selective vagotomy did not alter the incidence in a small study comparing vagotomy with gastroenterostomy (van Hoorne-Hickman et al. 1978) .
Pigs are known to be susceptible to acute severe gastric dilatation, which has been seen to be a cause of sudden death, particularly in sows (Straw et al. 1983 ). The cause for this is not known, as it occurs even without the animals being subjected to surgery; however, it is hypothesized by several authors that it may be due to a combination of rapid intake of large volumes of food and water and excess excitement (Bilkei 1987 , Wendt 1987 ).
This study seems to suggest that pigs are particularly prone to the development of gastric dilatation after major abdominal surgery, with subsequent 'de-gloving' of the mucosa at the pars oesophagea. It is proposed that the competence of the lower oesophageal sphincter prevents these animals from adequately decompressing their stomach when it becomes distended. With increasing gastric distension over a period of hours to days, the mucosal junction splits at the point of transition between stratified squamous and glandular mucosa, whereas the muscular wall of the stomach is more elastic and has the potential for continued distension. The muscular wall of the stomach is thus denuded and left exposed to the erosive effects of gastric acid over succeeding days, leading to blood loss and eventual death.
Acute haemorrhage from gastric mucosal de-gloving, resulting from acute gastric dilatation, has not previously been reported. This purely mechanical phenomenon may previously have been mistaken for proximal peptic ulceration. We suggest that all such cases are fully investigated by postmortem examination and histology in order to more fully define the syndrome.
It is likely therefore that prevention of postoperative death from upper gastrointestinal haemorrhage may be achieved using effective gastric decompression rather than anti-secretory drugs.
